Compression and Tension in the Four Roeblng D&H Aqueducts 


By S. Robert Powell, Ph.D 


Embedded in every suspension bridge are horizontal forces (tension) and vertical forces 
(compression) that work together (compression is carefully balanced with tension) nor only to 
hold up the bridge but also to make the bridge stronger by compressing in some areas and 
intensifying (tension) in others. Every suspension bridge, in addition, vibrates and moves, both 
vertically (compression) and horizontally (tension), as it responds to its environment and to the 
loads it carries. The challenge to a suspension bridge engineer, therefore, is not only to establish 
a successful working relationship between tension and compression in a given bridge but also to 
keep the vertical and horizontal motion of the bridge within carefully controlled and safe limits. 
If not, the bridge will collapse. The four Roebling D&H aqueducts were engineering successes. 
In those bridges, Roebling managed, brilliantly, the horizontal forces and the vertical forces 
embedded therein, at all times and in all seasons. 


For the record, here is what Roebling agreed to do when constructing the Delaware and 
Lackawaxen Aqueducts (and then, by extension, for the Neversink and High Falls Aqueducts): “I 
agree to put up the superstructure of the Delaware & Lackawaxen Aqueducts, as explained by 
this specification and the drawings, including all the timber, iron and wire-work, and caulking 
and painting, and furnish all materials, for the sum of Sixty thousand and Four hundred dollars 
/$60,400/--the D & H Canal Company to do all the masonry of the piers and abutments, also the 
excavation and masonry for the anchorage, the excavation and puddling for the sheet pilings at 
the extension, stone cutting for bull heads and studdings, and furnish all the cement required for 
the anchorage and rest of the work.” (“Specification of the Superstructure of the Wire Cable 
Suspension Aqueduct over the Delaware River and Lackawaxen Creek, Delaware & Hudson 
Canal”, dated February 1, 1847 and signed by Roebling in Pittsburgh) 


Supervising the work: On February 18, 1847, Roebling wrote a letter to Jonathan Rhule, a 
resident of Williamsport, PA, who had worked for Roebling during the construction of the 
aqueduct and bridge at Pittsburgh, asking him to be the on-site supervisor for the construction of 
the Delaware and Lackawaxen Aqueducts. Rhule accepted the job offer (and served in that 
capacity, it seems highly probable, also for the construction of the Neversink and High Falls 
aqueducts). 


Management of Compression via the Piers: At the top of each pier (three on the Delaware 
Aqueduct and one on the Lackawaxen Aqueduct) was a masonry unit in the form of an isosceles 
trapezoidal prism (called a “pyramid” by Roebling), that received, via the cable, the weight of 
the water in the aqueduct (the force of compression, which could vary, within limits, over any 
given time period) and transferred it downward (exactly as the keystone in a Romanesque arch 
transmits weight downward) to the pier, also in the form of a trapezoid, under it. That weight was 


then transferred by the pier to the ground beneath it. (The trunk of the Roebling aqueducts was 
self-supporting; the cables had only to support the dead load of the water or the canal boats 
which displaced it--Archimedes’ principle. The only live loads on the aqueducts were the mules 
or pedestrians on the towpaths.) 


Shown here is a drawing, in the Roebling archive at Rensselaer Polytechnic Institute at Troy, of 


one of the piers in the Delaware Aqueduct. At the top of the pier is an isosceles trapezoidal 
prism, topped by a cable saddle. Below the pyramid, is the pier. 


Cast iron pier saddle 






Isosceles trapezoidal prism 


Management of Compression via the Abutments: Shown below are the isosceles trapezoidal 
prisms, called “pyramids” by Roebling, that were erected on each of the abutments on both river 
shores in all four aqueducts. These pyramids on all four aqueducts are set-back 19” from the 
river-edge of the abutment so that the weight transmitted by the cable to the top of the pyramid 
would be evenly transmitted by the pyramid to the abutment below and then to the earth below. 


The pyramids on the four Roebling D&H aqueducts: 
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For the record, here are the measurements on the pyramids on the abutments on all four of the 
Roebling aqueducts: On the Lackawaxen Aqueduct those prisms, at the top, are 60” X 36”; at the 
bottom, they are 74” X 48’; they are 40” tall (3 courses of stones, with one stone per course in 
both abutments). On the Delaware Aqueduct, those prisms, at the top, are 60” X 39”; at the 
bottom, they are 74” X 48”; they are 40 inches tall (three courses of stone, with one stone per 
course, except in the ““broken-stone pyramid’’--see note of November 17, 1847 from Charles M. 


Dupuy to Russel Lord in Unrau, p. 37--on the upriver abutment on the New York shore, where 
there are two stones in the bottom course). On the Neversink Aqueduct, those prisms, at the top, 
are 60” X 36”; at the bottom, they are 78” X 52”; they are 60” tall (three courses of stone, with 
one stone in the top course, 2 stones in the middle course, and three stones in the bottom course 
in both abutments). At High Falls, those prisms, at the top, are 60” x 36”; at the bottom, they are 
72” x 48”; they are 43 1/2” tall (3 courses of stones in both abutments, with one stone per 
course). 


The pyramids at Neversink are the tallest, at 60”; those at High Falls are 43 1⁄2” tall. The taller 
pyramids on those two aqueducts, it wouldn’t surprise me to learn, were a structural consequence 
of the fact that at Neversink and at High Falls there were no piers in the rivers, and the spans 
there were very long (Neversink: one 170-foot span, with as much as 632 tons of water in the 
span; High Falls: one 145-foot span, with as much as 530 tons of water in the span). 


The pyramids on the Neversink Aqueduct are 20” taller than those on the Delaware and 
Lackawaxen Aqueducts, and 16 1⁄2 inches taller than the pyramids at High Falls. (Wakefield, p. 
132, is incorrect when he says that the pyramids on the Neversink Aqueduct are two feet higher 
than those on the Delaware Aqueduct.) 


Management of Tension via the Cables: The two cables on each of the four aqueducts, were 
air spun (spun at the work site; a technique devised by Roebling). A single endless 4 inch 
wrought iron wire was passed across the river and over the pyramids on the piers (Lackawaxen 
and Delaware aqueducts) and on the abutments on both shores (which gave each wire the correct 
sag so that every wire would sustain the same weight under tension), until a bundle, made up of a 
continuous strand of wire, was created. Each cable contained seven bundles of wire. (Roebling 
Specifications: “The cables will be manufactured of the best charcoal wire, No. 10 size, the 
wrapping No. 14 1⁄2. Each strand of wire to be well varnished, and the whole cable to be painted 
inside and outside.’’) 


The two cables in each of the four aqueducts, which were coated for protection and wrapped 
with an outer covering, passed over cast-iron saddles on top of the masonry pyramids at the top 
of the masonry piers and abutments. On the Lackawaxen, Neversink, and High Falls aqueducts, 
those saddles were placed on masonry pyramids which, at the top, were 60” x 36”; on the 
Delaware Aqueduct the pyramids, at the top, are 60°x 39”. 


The saddles were smooth, open cable paths which allowed for not only slight horizontal 
movement but also limited expansion of the thickness/diameter of the cable. On the piers of the 
Lackawaxen and Delaware Aqueducts, the saddles were anchored atop the piers and did not 
move. On the abutments on all four of the aqueducts, the cast iron saddles were moveable. In the 
“Specifications” signed by Roebling for these aqueducts, we read: “The cables will rest and be 


secured in cast iron saddles, on the piers. Those on the abutments will be moveable, on rollers, to 
admit of contraction and expansion.” The moveable saddles on the abutments, in other words, 
was one of two ways that Roebling managed the tension in the suspension system. (The second 
way is given below in our discussion of “a new mode of anchorage”.) Through those cable 
saddles, the weight of the load sustained by the cables (compression) was transferred to the 
abutments and piers, and from the abutments and piers to the earth. 


The pathway/channel for the cable across those saddles in all four of the aqueducts, on both the 
piers and the abutments, was no more than one-half inch wider than the cable. That we know 
from a note that Roebling wrote on a drawing--in the Roebling archive at RIP--for a possible 
saddle for the Delaware Aqueduct piers and abutments. Shown here is a photograph by the 
author of that note, in Roebling’s hand, on a rejected saddle design for the Delaware Aqueduct: 
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Typescript of the note given above: “This saddle proved too wide, made the Cables too flat, 
should not be wider than the diameter, more than 2 inch.” 


An additional very important note on the saddles on the Delaware Aqueduct was written by 
Roebling in a notebook in August 1848: “11 inches wide... entirely too much--9” for a 8 1⁄2” 
cable would have been about right. . . The roundness of the strands should be preserved through 
the saddle. If the latter is too wide, the strands flatten too much, the wires spread and cause 
unequal tension.” (Unrau, p.43) 


The importance of those two notes in understanding the structure of the four Roebling D&H 
aqueducts and the management of tension in those bridges can not be overstated. The reference 
for those notes, as we have said, is to the Delaware Aqueduct. What Roebling required for the 
cable passage on the saddles on the Delaware Aqueduct he would have required on the saddles 
for the other three aqueducts as well. 


With that extra half-inch, the diameter of the cables could, therefore, vary, due to expansion and 
contraction, in the course of a year. That extra half inch served like a pressure-release valve in 
that it established an exact and finite limit for expansion. If the cable was firmly restricted in a 
cable channel that was exactly the width of the cable, normal expansion of the cable due to 
temperature might well have compromised the cast iron cable channel in the saddle. That extra 
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half inch gave the cable room--but not too much room--to breathe, so to speak. For the record: 
Lackawaxen Aqueduct, cables were 7 inches in diameter, each with 1,624 wires; Delaware 
Aqueduct, 8 2 inch cables, each with 2,150 wires; Neversink Aqueduct, 9 1⁄2 inch cables, each 
with 2,880 wires; High Falls Aqueduct, 8 1⁄2 inch cables, each with 2,300 wires. 


Having passed over the abutments on each shore, the wires, which were not braided, were then 
looped over anchor chain shoes and cinched up. The shoes were then pin-connected, by a series 
of eyebars, to the cable anchorage system. (Roebling Specifications: “The anchor chaines will be 
manufactured either of good charcoal blooms, or good scrap iron. They will be well painted 
before they are put under ground, and surrounded by hydraulic cement--to be furnished by the 
Company.’’) The wires did not at any time extend below the ground. 


Shown here is a very interesting detail of a drawing in the Roebling papers at Rensselaer of an 
anchor chain and of a set of eyebars (these at High Falls)--on two levels, with three connection 
Openings on the top level and four on the bottom--to which the seven bundles of wires in each 
cable were connected. Each of the seven bundles of wire in each cable, we learn from that 
drawing, was numbered one to seven, based on the position occupied by that bundle, in the cable. 
See the numbering on the bundles of wires at the bottom of the drawing. In addition, each bundle 
was connected to the head of the anchor chain in a specifically designated position in the 
eyebars, according to a consciously established pattern. The opening in the center of the top level 
of the eyebars, for example, was designated for bundle No. 3; the two openings in the center on 
the lower level were for bundles 1 and 2, and so on. That pattern was established by Roebling as 
part of a conscious plan to manage the tension in the cables by passing the tensional forces in the 
bridge into the ground. 


Shown here is that very interesting drawing. The numbered positions on the upper level were for 
bundles 6, 3 and 7; the four positions on the lower level for bundles 5, 2 1, and 4. Also shown 
here also are the two levels of eyebars on the downriver abutment at High Falls on the High Falls 
side of the river. 





Shown here, in the photograph on the left, we see, on the Delaware Aqueduct, the seven bundles 
of wires that have been looped over the anchor chain shoes and secured. The shoes were then 
pin-connected, by a series of eyebars, to the cable anchorage system. On the right, we see a 
Delaware Aqueduct abutment and the seven bundles of the cable attached to the anchoring 
system. 





The same expansion/contraction possibility that we saw in the cable saddles was built into the 
cable anchorage system designed by Roebling. To hold the anchor plate in place, in all four 
D&H aqueducts, Roebling established an entirely new system, using lumber, which gave the 
anchor chain and the cable a flexibility it could not have had if stone has been used. In 
Roebling’s patent application for a new mode of anchorage applicable to wire bridges as well as 
chain bridges (patent approved August 26, 1846; patent in the J. A. Roebling Collection, 
Archives and Special Collections, Folsom Library, Rensselaer Polytechnic Institute, Troy, NY), 
we read: 


“My improvement consists of a new mode of anchorage, applicable to Wire Bridges as well as 
Chain Bridges. In place of resting the anchor plate directly against a stone wall I apply in my 
mode a system of timbers [emphasis added], which serve in a manner as a foundation for the 
Superincumbent masonry, distribute the great pressure of the foundation plates over a large 
surface of masonry, reduce therefore its length or depth, and by its yielding and elastic nature, 


prevent the breaking of the anchor plates [emphasis added].” 


In summation, Roebling states: “What I claim as my original invention and wish to secure by 
Letters Patent is: The application of a timber foundation, in place of stone, in connection with 
anchor plates, to support the pressure of the anchor chains or cables against the anchor Masonry 
of a Suspension Bridge--for the purpose of increasing the base of that masonry, to increase the 


surface opposed to pressure, and to substitute wood as an elastic material in place of stone for the 
bedding of anchor places--the timber foundation either to occupy either an inclined position, 
where the anchor cables or chains are continued in a straight line below ground [Lackawaxen, 
Delaware, and Neversink], or to be placed horizontally [High Falls] where the anchor cables are 
curved, as exhibited in the accompanying drawing, the whole to be in substance and its main 
feature constructed as fully described above and exhibited in the drawing.” 


The cables in the Roebling aqueducts, in other words, could move horizontally, within carefully 
restricted limits. Roebling did not indicate, so far as we have been able to discover, by how much 
the cable could move, but it surely must have been a very short distance (comparable to the half- 
inch diameter variable in the saddles on the piers and abutments). The very important point is 
this: By means of the suspension cables and the anchorage system for those cables, the tension in 
the four aqueducts, at all times and in all seasons, was transferred from the cables to the 
anchorage system to the earth beneath that system. 


Summary Statement: Given the fact (1) that Roebling established a successful working 
relationship between the forces of tension (managed by the cables and the anchorages) and 
compression (managed by the piers and abutments) that were embedded in all four D&H 
aqueducts, and (2) that, by conscious design on the part of Roebling, those aqueducts not only 
met the weight/load requirements of the Delaware and Hudson Canal Company for those bridges 
for over fifty years but also interacted with their environments, within carefully controlled and 
safe limits and at all times and in all seasons, Roebling’s four D&H aqueducts must be regarded, 
therefore, not only as triumphs of engineering, but also as expressions of the mature style of a 
master bridge builder. 
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